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Experimental Studies of Combustor Dilution Zone
Aerodynamics, Part II: Jet Development

S. J. Stevens* and J. F. Carrotte}
University of Technology, Loughborough, England, United Kingdom

Measurements have been made downstream of 16 heated dilution jets injected into a confined annular
crossflow in order to investigate inconsistencies in the temperature distribution and the development of
individual jets around the annulus. When the dilution air is supplied from a representative feed annulus, the
resulting approach velocity produces a complex flowfield that issues through the rear of each dilution hole and,
which varies from one jet to another. Measurements of both temperature and velocity in planes parallel and
perpendicular to the injection wall have indicated the influence of the exit velocity profiles on the subsequent
development of two jets. The structure of a jet is modified by the exit velocity profile, causing distortions of the
temperature distribution about the hole center plane. Since each jet has its own mixing characteristics, an
irregular temperature pattern around the dilution annulus is produced. Mean vorticity values are calculated from
the velocity data and are used to explain differences between the structures of the jets defined here and those of
the well-documented single jet issuing into a relatively unconfined crossflow.

Nomenclature

= diameter of dilution holes
= momentum flux ratio (=p;V}?/p.V?)
= radius of plunging on dilution holes
= radius
= inner radius of crossflow annulus
= outer radius of crossflow annulus
= distance between dilution holes
= corrected temperature
= reference crossflow temperature
= reference jet temperature
V,W = velocities in X, Y, Z directions
= velocity of crossflow
= velocity of jet
= coordinate measured from hole center in
downstream direction
= coordinate measured normal to injection wall
in radial direction
= coordinate measured from hole center in
lateral direction
= nondimensional temperature
[=(T~T)NT; ~ T2
v = effective kinematic viscosity
2, 9, Q, = vorticity in X, Y, Z directions
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Introduction

JET of fluid injected normally into a crossflow occurs

in numerous situations and has therefore led to a large
number of theoretical and experimental studies, which have
been conducted over many years. This investigation involves a
row of jets being injected into a confined crossflow and there-
fore simulates the mixing processes that occur in the dilution
zone of gas turbine combustion chambers. Relatively cold jets
of air are injected at the rear of a combustor to dilute the hot
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mainstream flow and so are a major factor in ensuring the
outlet temperature distribution consistent is with the integrity
of the downstream turbine stage.

Many workers have undertaken research related to this spe-
cific application, and the authors! have already reviewed much
of this work in the context of the present investigation. Nearly
all of the published data, however, has concentrated on the
mean radial temperature profile, but of equal importance is
the consistency of the temperature pattern around the an-
nulus. The avoidance of local ‘‘hotspots’” or circumferential
irregularities in the outlet temperature distribution is particu-
larly important since this can have serious consequences in
terms of engine performance and durability of the nozzle
guide vanes and turbine blades. Even in experiments with
carefully controlled primary zone exit distributions such irreg-
ularities do occur, often in a random manner, and vary in
magnitude and position with different combustors built to the
same design. As was found by Moys and Stevens,? it is only
when the combustor casing is removed and the dilution air
supplied from an unrepresentative plenum chamber are the
temperature irregularities removed. One possible source of
such irregularities is variations in the behavior of the dilution
jets, and this experimental program has therefore been con-
cerned with the consistency of the temperature pattern down-
stream of a row of jets injected into a confined crossflow.

Review of Previous Work at Loughborough

A major influence on jet behavior is the way air is supplied
to the dilution holes, and previously published work! has
described and quantified the irregularities observed in the
behavior of dilution jets when air is supplied from a represen-
tative feed annulus. The temperature distribution two diame-
ters downstream of three adjacent holes (Fig. 1) illustrates the
differing degrees of distortion or apparent ‘‘twisting”’ of each
jet about its centerplane which is responsible for the irregular
temperature pattern in the annulus of the dilution zone.

The importance of the feed conditions to the dilution holes
makes it necessary to simulate the annulus formed by the
combustor liner and outer casing so that the approach flow
direction is approximately perpendicular to the axial centerline
of each hole. The deflection of the flow as it passes from the
feed annulus through the dilution hole has a major influence
on the velocity profile across the exit plane, producing an
extremely complex flowfield in the ensuing jet that varies in a
random manner from one jet to another (Fig. 2) . This paper
is a continuation of the previous work and analyzes the initial
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Fig. 1 Temperature distribution for holes 8 to 10 (X/D = 2.0).
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Fig. 2 Velocity distributions across the exit planes of holes 8-10
(Y/D =0.05).

development of two dilution jets close to the injection plane,
indicating how the complex flowfield located in the rear of
each jet influences its mixing characteristics. The two jets
selected were those issuing from holes 8 and 10, which exhibit
similar degrees of distortion in their temperature distribution
at X/D = 2.0 but which have different velocity profiles across
their exit planes.

The investigation was conducted on the same fully annular
test facility and at the same operating conditions at which the
previously published data were obtained. All dilution measure-
ments were performed at a jet-to-crossflow momentum flux
ratio of 4, with an approach velocity in the feed annulus of
approximately 7 m/s and a mean jet velocity V; of 29.5 m/s.

Characteristics of Jets in a Crossflow

The nature of this research program makes it necessary to
analyze the structure of individual dilution jets and relate this
to the downstream flowfield and the observed irregularities in
the temperature distribution. As will be shown, there are
significant differences between the results presented here and
those relating to the well-documented studies of a single jet
issuing into a relatively unconfined crossflow. However, as
outlined by Moussa et al.,> the geometrical configuration
surrounding a jet as it issues into the crossflow plays a crucial
role in determining the subsequent mixing and development
processes.

As each jet of fluid issues from a dilution hole it creates a
blockage in the crossflow, and as a consequence the flow
immediately ahead of the jet decelerates, causing an increase
in pressure. Downstream a rarefaction occurs and this, com-
bined with the increased upstream pressure, provides a force
that deforms the jet. Intensive mixing between the crossflow
and jet fluid results in the rapid development of a turbulent
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Horseshoe vortex
Fig. 3 Multiple jets in a crossflow.

shear layer around the periphery of the jet, and the more
curved trajectory of this lower momentum fluid at the sides of
the jet contributes to the development of the characteristic
““kidney’’-shaped jet profile. Downstream of the injection
plane the flowfield is dominated by several vortex systems
(Fig. 3), and it is these that mainly control the entrainment and
mixing of the crossflow and jet fluid.

A horseshoe vortex system is formed by the oncoming vor-
ticity associated with the boundary layer on the injection wall
being deflected around the jet, a feature, which is analogous
to when flow is deflected around a cylinder mounted on a flat
surface. Streamwise (Q,) vorticity is thereby formed that is
negative on the positive side of the Z axis, but its effect on
fluid mixing is relatively small in comparison with two other
regions of high vorticity.

As outlined by Andreopoulos and Rodi,* vorticity is gener-
ated at the interface of the initially orthogonal jet and cross-
flow in addition to the components of vorticity in the jet
issuing from the dilution hole. Streamwise (Q,) vorticity is
generated by the high radial velocity gradients (V' /0Z) at the
sides of the jet, the fluid rolling up to form a pair of bound
vortices that are much stronger and are of opposite vorticity
than the aforementioned horseshoe vortex system. The bound
vortices are located at the lobes of each jet and therefore
enhance the kidney-shaped profile of the jet as it progresses
downstream.

In the case of multiple jets issuing into a confined crossflow,
two further vortices are formed by crossflow fluid that passes
between the jets and into the low pressure wake region. Close
to the wall the fluid moves in a predominantly lateral direction
with very little axial momentum, the inward fluid movement
being assisted by the bound vortex system. This fluid becomes
entrained by the jet and rolls up to form two crossflow vor-
tices in the jet wake.

Superimposed on the described flow structure is the effect
of the velocity profile across the exit plane of the dilution hole.
The complex flowfield that issues through the rear of the hole
modifies the mechanisms by which the crossflow is entrained
and mixed with the jet fluid.

Test Facility

The test facility (Fig. 4) is comprised of three vertically
mounted concentric Plexiglas tubes that form a dilution hole
feed annulus of 35.8-mm height and a crossflow annulus of
76.2-mm height. The array of dilution jets is formed by 16
equispaced 25.4-mm-diam plunged holes (R,/D = 0.375) lo-
cated in the center casing and set at a spacing/hole diameter
ratio of 2.75. A detailed description of the test facility, instru-
mentation, and data processing is given in previously pub-
lished work.!

Air prior to entering the dilution hole feed annulus is passed
through a heater, so raising its temperature above that of the
crossflow. Supplying heat in this way gives information on the
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mixing of the jet fluid as well as identifying the trajectory of
the high-temperature core. Chromel/Alumel thermocouples
connected to Comark digital thermometers record tempera-
tures both in the dilution zone and upstream of the injection
plane in both the crossflow and feed annuli, Results are pre-
sented as contours of corrected temperature for reference
conditions of 7; = 55°C and T, = 11°C.

Flow angles and velocities were measured with five-hole
pressure probes, overall diameter 1.73 mm, and were used in
the nonnulled mode using the calibration procedure outlined
by Wray.’ All pressure readings weére corrected to a reference
jet dynamic head of 50-mm water gauge, and the data derived
from the five-hole probe measurements are presented in terms
of velocity distributions. Resolved components of velocity in
the traversing plane are presented in the form of vectors,
though streamlines should not be inferred from the arrows
since the flowfield is strongly three-dimensional, particularly
close to the injection plane. Contours of constant velocity are
used to indicate the magnitude of the velocity components
perpendicular to the traverse plane and, like the vector arrows,
are nondimensionalized by the mean jet velocity (V). Despite
the use of several probes with different geometries, there are
regions of the flowfield that remain outside the probe calibra-
tion ranges of =+ 35 deg in pitch and yaw. Data points are
omitted in these regions, although in certain areas where only
one flow angle is outside the calibration limits, an indication
of the flow direction in one plane may be given, and where this
has been done the data are represented by a dotted line.

All of the data presented are based on measurements time-
averaged over a period of 5 s prior to being committed to the
memory of a DEC LSI 11/23 microcomputer. Measurements
in planes perpendicular to the center casing were conducted at
X/D = 0.0, 0.30, 0.54, and 0.72 for holes 8 and 10, the data
being collected at nominal lateral (Z) and radial (Y) spacings
of 0.06D and 0.1D, respectively. Data recorded in several
planes parallel to the center casing was done so at a nominal
spacing of 0.06D in both the lateral (Z) and streamwise (X)
directions.
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Parameter Definitions

The measured temperatures are corrected using the non-
dimensional parameter § where

T-T.

0=
T,—T.

8))

Because of the large injection wall radius, vorticity is calcu-
lated using formulas based on a Cartesian coordinate system
so that

Streamwise vorticity:

W oV
Q=-——-— 2
Y 9Z @
Radial vorticity:
U ow
Q="—-—— 3
VAR ¢ ®)

where each gradient is evaluated from the mean velocity data
to which is fitted a three-term Lagrange polynomial in the
region of interest. Results are presented in terms of vorticity
contours that are nondimensionalized using the mean jet ve-
locity V; and the dilution hole diameter D.

The equations for the rate of change of vorticity can be
derived from the Navier-Stokes equations so that for the x
component

Q Q aUu
%+Uax+Vax+Wﬂ‘=Q a—U+Q -

at X Yy 3z Tax Yoy
U 2, 9%, 329X>
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or substantial derivative form
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The first term on the right side of Eq. (4) represents the
production of vorticity due to stretching of the vortex lines,
and the second term indicates the diffusion of vorticity due to
viscous effects.

Results and Discussion
Initial Development—Hole 8

Measurements conducted in planes perpendicular to the
downstream (X) direction indicate the initial development of
the jet as it issues into the crossflow. The data collected at
X/D =0.30 (Fig. 5) illustrate the formation of the bound
vortices at the lateral edges of the jet and their influence on the
temperature distribution in this region. The velocity data at
X/D = 0.54 (Fig. 6) show the continued development of these
vortices as the jet progresses downstream, but even at this
early stage, distortion of the temperature distribution is appar-
ent both in the hot core region of the jet and close to the
injection wall.

Measurements conducted parallel to the injection wall indi-
cate the influence of the velocity profile, across the exit plane
of the dilution hole, on the subsequent development of the jet
and its downstream temperature distribution. The develop-
ment of the complex flowfield associated with the feed condi-
tions to the dilution holes is evident in the velocity vector plot
at Y/D = 0.2 (Fig. 7), which also illustrates the internal move-
ment of fluid within the jet. Fluid in the front half of the jet
that has been deflected by the crossflow is forced to move
around the relatively undeflected flow in the rear of the jet,



JULY-AUGUST 1990

this curvature being indicated by the increase in downstream U
velocity components. However, because of the behavior of the
fluid issuing through the rear of the dilution hole this deflec-
tion is not symmetric about the hole centerplane. Fluid issuing
through the positive (Z > 0) side of the hole is deflected much
more rapidly than fluid on the opposite (Z <0) side of the
centerplane, which has to pass over and yaw around the
greater effective blockage associated with the complex flow-
field. Immediately downstream of the injection plane at X/
D = 0.54 the velocity profiles at Z/D = £0.25 confirm this

Contour interval 0.07

a) Axial velocity distribution (U/V})

Magnitude of resolved
velocity component :

+10 . 00 -1.0
Z/D

b) Velocity vector plot

Contour interval 4°C

+1.0 0.0 1.0

¢} Temperature distribution

Fig. 5 Velocity and temperature distribution (hole 8, X/D = 0.30).
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observation (Fig. 8), with fluid on the right (Z <0) side of the
jet exhibiting greater yawing and penetration into the cross-
flow annulus. It is these variations in trajectory, which also
affect the jet-path length to a given downstream (X) location,
that are responsible for producing the distortion of the core of
the jet.

The development of the bound vortices at the lateral edges
of the jet must also be influenced by the trajectory of the jet
fluid, and this is evident in the temperature distribution at
X/D =0.30 (Fig. 5¢). Under normal circumstances the vor-

Contour interval 0.07

0.68

a) Axial velocity distribution (U j)

Magnitude of resolved
velocity component :

b) Velocity vector plot

Contour interval 4°C

16°C

+1.0 0.0 -1.0

Z/D

¢) Temperature distribution

Fig. 6 Velocity and temperature distribution (hole 8, X/D = 0.54).
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Fig. 8 Streamwise and lateral velocity profiles (hole 8, X/D =0.54).

tices act as a transport mechanism, displacing relatively hot
fluid to a lower radius and mixing it with the crossflow. The
additional yaw component imparted to one side of the jet
increases the lateral spreading of the hot fluid and affects
the characteristics of the vortex, as indicated by both the
velocity and temperature data at X/D = 0.30 (Fig. 5). Since
mixing close to the injection wall is controlled by this bound
vortex flowfield the different vortex and hence mixing charac-
teristics on either side of the jet are responsible for producing
the asymmetry of the temperature distribution at Y/D = 0.2
(Fig. 9).

The trajectory of the jet fluid and the different bound
vortex mixing characteristics not only directly affect the tem-
perature distribution but also result in different amounts of
fluid being supplied from either side of the jet into the wake
region. This fluid then rolls up to form the two crossflow
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Fig. 9 Temperature distribution (hole 8, Y/D =0.2).
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vortices, thus explaining the differences in the size of these
flow features that have been recorded at X/D = 2.0 (Fig. 10),
the temperature distribution at this location having already
been presented (Fig. 1). The stronger crossflow vortex will
entrain more jet fluid, so producing a recirculating region that
transports hot fluid toward the injection wall, thereby ensur-
ing continued distortion of the temperature distribution as the
jet progresses downstream.

Initial Jet Development—Hole 10

The approach velocity in the feed annulus produces a well-
defined vortex that issues through the rear of hole 10 and is
still present at Y/D = 0.2 (Fig. 11). Because of its strength
and location a large blockage is created, causing a redistribu-
tion of fluid about the hole centerplane so that the core of the
jet becomes displaced to one side, as illustrated by the temper-
ature distribution at X/D = 0.54 (Fig. 12). This redistribution
of fluid is also indicated by the axial velocity contours at
X/D = 2.0 (Fig. 13), which shows a significant difference
from that of hole 8 (Fig. 10a) and is therefore the main cause
of the temperature distortion recorded in the jet as it pro-
gresses downstream. Of secondary importance is the influence
of the fluid trajectory on the bound vortex system, the differ-
ent mixing and decay characteristics on either side of the
centerplane producing further distortion of the temperature
distribution.

Vorticity Characteristics

There are significant variations between the well-docu-
mented structure of a single jet issuing into a relatively uncon-
fined crossflow and the data presented here relating to a
multiple-jet configuration. This can be explained when consid-
ering the vorticity characteristics of the flow and how they are
affected by the velocity field that surrounds each jet as it issues
into the confined crossflow.

Bound Vortex System

At the injection plane vorticity is generated by the high
radial velocity gradients (0V/3Z and 3V /3X) around the pe-
riphery of the jet, which are convected into the streamwise
direction. In the multiple-jet configuration the blockage
caused by the row of jets in the dilution annulus leads to an
acceleration of the crossflow between each jet. Thus, stream-
wise vorticity (,) is intensified by the extensional strain rate
(8U/8X >0), producing the well-defined vortices that have
been seen in the velocity vector plots at X/D =0.30, and
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Fig. 11 Velocity vector plot (hole 10, Y/D = 0.20).

which is also indicated by the vorticity contours at this same
location (Fig. 14). In comparison with a single jet the magni-
tude of the bound vorticity is much higher but is concentrated
in a smaller area. The vorticity contours at X/D = 0.30 also
appear to indicate the presence of the less-pronounced coun-
ter-rotating horseshoe vortex system positioned close to the
injection wall. Downstream of the injection plane, crossflow is
drawn into the wake region behind each jet so that mass
continuity dictates a decrease in the axial velocity component.

Contour interval 4°C

+1.0 0.0 1.0
Z/D

Fig. 12 Temperature distribution (hole 10, X/D = 0.54).

Fig. 13  Axial velocity distribution (U/V;) (hole 10, X/D = 2.0).

Contour interval 2

Fig. 14 Streamwise vorticity  distribution @D/V;) (hole 8,
X/D =0.30).
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Contour interval 0.4

Fig. 15 Streamwise vorticity distribution (2D/V;) (hole 8,
X/D =2.0).

Hence, the compressional strain rate (3U /90X <0) results in a
decrease in streamwise vorticity, the magnitude of which can
be estimated from the mean velocity data. For example, the
axial velocity components at the center of the bound vortex on
the left side (Z >0) of hole 8 are 35 and 22 m/s at X/D = 0.30
and 2.0, respectively. Using the substantial derivative form of
Eq. (4) and assuming a mean axial velocity of 28.5 m/s be-
tween these locations, there is an approximately a 45% reduc-
tion in streamwise vorticity purely due to the compressional
strain rate in the flowfield at the center of the bound vortex.
This is the main reason for the rapid decay of the bound
vortex system in the multiple-jet configuration and has impor-
tant consequences when censidering the design of the dilution
annulus. By maintaining axial velocities in the downstream
flowfield the negative vorticity production can be minimized,
enhancing mixing, and this explains the findings of Holdeman
et al.% concerning the favorable effects of introducing mixing
duct convergence.

Of equal importance in terms of vortex decay is the diffu-
sion of vorticity present in both single- and multiple-jet con-
figurations, although the dissipation is enhanced by the
greater velocity gradients in the latter case. Since the compres-
sive strain rate is approximately the same on either side of the
centerplane, the asymmetry in the bound vortex system at
X/D = 2.0 (Fig. 15) is mainly due to differences in the diffu-
sion of vorticity associated with variations in the trajectory of
jet fluid. As vorticity reflects gradients in momentum that are
eroded by turbulent stresses, Reynolds’ analogy’ suggests that
a greater rate of diffusion reflects higher mixing, producing
the more rapid rate of cooling that has been observed on the
right (Z <0) of the hole 8 centerplane.

Crossflow Vortex System

Measurements conducted at X/D = 2.0 indicate the com-
plex nature of the flowfield in comparison with that of the
relatively simple bound vortices observed downstream of a
single jet. In this case the bound vortex system has almost
decayed and although data are limited due to the finite probe
calibration range, there does appear to be a large concentra-
tion of streamwise vorticity located in the wake of the jet.

Radial components of vorticity must be generated by the
lateral shearing between the jet and the crossflow (Fig. 16) and
the movement of flow into the separated wake region behind
the jet, these effects being enhanced by the surrounding veloc-
ity field in a multiple-jet configuration. As outlined by Sykes
et al.,® diffusion at the sides of the jet reduces this vorticity
component, and behind the jet, viscous effects are relatively
small and the component is increased because of an exten-
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Contour interval 1

Fig. 16 Radial vorticity distribution (,D/V;) (hole 8, X/D = 0.30).

sional strain rate as fluid in the wake is entrained upward with
the jet. This vorticity is convected into the axial direction and
is thought to be responsible for the high regions of vorticity
observed in the wake at X/D = 2.0.

Conclusions

An experimental investigation has been conducted into the
structure of multiple jets issuing into a confined crossflow and
how this relates to the observed irregularities in the tempera-
ture distribution downstream of the injection plane. The fol-
lowing conclusions have been drawn:

1) The direction of the approach flow in the feed annulus
and its deflection as it passes through the dilution holes pro-
duces a complex flowfield in the rear of each jet as it issues
into the crossflow.

2) This flowfield affects the trajectory of the fluid as the jet
develops in the crossflow and is the major factor in producing
distortion of the temperature distribution about each hole
centerplane.

3) In certain cases the velocity profile across the exit plane
of a dilution hole can lead to a redistribution of jet fluid about
the hole centerplane.

4) The fluid trajectory also affects the vortices that develop
at the lateral edges of each jet and that control the mixing of
fluid in the jet wake.

5) Since the complex flowfield varies in a random manner
from one jet to another so each jet has its own mixing charac-
teristics, thereby leading to overall irregularity of the tempera-
ture pattern in the dilution annulus.

6) There are significant differences between the structure of
a single-jet issuing into a relatively unconfined crossflow and
that of a multiple-jet configuration issuing into a confined
crossflow.

Investigations are now being conducted into what changes
are necessary to the injection plane geometry so as to yield the
subsequent development of a jet insensitive to the effects of
the approach velocity in the feed annulus. Controlling jet
development in this way should produce a substantial reduc-
tion in the temperature irregularities observed at the combus-
tor exit.
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